Abstract Mitochondrial structure and function are central to cell physiology and are mutually interdependent. Mitochondria represent a primary target of the alcohol-induced tissue injury, particularly in the liver, where the metabolic effects of ethanol are predominant. However, the effect of ethanol on hepatic mitochondrial morphology and dynamics remain to be established. In the present work, we employed the organelle-targeted photoactivatable fluorescent protein technology and electron microscopy to study hepatic mitochondrial structure and dynamics. Hepatocytes in perfused liver as well as in primary cultures showed mostly discrete globular or short tubular mitochondria. The mitochondria showed few fusion events and little movement activity. By contrast, human hepatoma (HepG2)-derived VL-17A cells, expressing the major hepatic ethanol metabolizing enzymes, alcohol dehydrogenase and cytochrome P450 2E1, have elongated and interconnected mitochondria showing matrix continuity and many fusion events. Hepatocytes isolated from chronically ethanol-fed rats showed some increase in mitochondrial volume and exhibited a substantial suppression of mitochondrial dynamics. In VL-17A cells, prolonged ethanol exposure also caused decreased mitochondrial continuity and dynamics. Collectively, these results indicate that mitochondria in normal hepatocytes show relatively slow dynamics, which is very sensitive to suppression by ethanol exposure.
Introduction
Mitochondrial morphology and dynamics in living cells rely on processes of membrane fusion and fission that result in structures ranging from an integrated mitochondrial reticular network to a largely dispersed mitochondrial morphology and allows for the dynamic interchange of inner and outer membrane constituents and matrix content between individual mitochondria [2, 22, 23, 26, 35] . Mitochondrial fusion proteins and their activity are essential for normal cell function [5, 7] . Mitofusins 1 and 2 (Mfn1 and Mfn2) are integral proteins of the outer mitochondrial membrane [42] shown to act in trans in either homo-or heterotypic interactions to tether apposing mitochondria and initiate fusion [30] . Mutations in Mfn2 cause Charcot-Marie-Tooth neuropathy type 2A [54] . Optic atrophy 1 (Opa1), is an inner mitochondrial membrane (IMM) protein, that is required to tether and fuse the IMMs [36] . Mutations of Opa1 cause dominant optic atrophy [11] . Although the most severe consequences of Mfn and Opa1 mutations appear in the nervous system, the function of many other tissues also seems to be impaired by the shortage of fusion proteins [6, 7, 13, 53] .
Mitochondrial fusion has been visualized and quantitated in several cell lines [25, 33, 43, 46] but only very few primary cells [34, 47] . Strikingly, it has not been visualized or quantified in the liver or muscle, where tissue function is greatly dependent on mitochondrial bioenergetics.
Recent studies [27, 28, 31, 48, 52] have highlighted the essential function of mitochondrial dynamics in the management of cellular integrity and in restricting the dispersal and disposal of defective constituents in the mitochondrial network. Alcoholic liver disease (ALD), which results from the chronic consumption of excess ethanol, is associated with defects in mitochondrial morphology and function in liver cells, including the appearance of misshapen and enlarged mitochondria (megamitochondria), often with paracrystalline inclusions [14] . Chronic ethanol consumption is also associated with defects in liver mitochondrial energy metabolism [1, 19, 20] . However, a possible contribution of defects in mitochondrial fusion and fission to the development of ALD has not been investigated. In this study, we report observations that support a significant impairment in mitochondrial dynamics in hepatocytes isolated from chronically ethanol-fed rats and in liver cell lines that are exposed to ethanol.
Methods

Animal treatment
Adult male Sprague Dawley rats were fed with an ethanolcontaining, nutritionally adequate liquid diet that contained ethanol as 36 % of total calories for 6-9 months. Pair-fed control littermates received a liquid diet in which ethanol calories were isocalorically replaced with maltose-dextran [10] . No other liquid was provided during the treatment.
Cell culture and transfections
Hepatocytes were isolated from the rats by collagenase perfusion, essentially as described by Meyer et al. [3, 38] . Briefly, after the rat was anesthetized (5 % Isoflourane), the portal vein was cannulated, and the liver was perfused for 8 min with a Ca 2+ -free Krebs-Ringer buffer (100 mM NaCl, 23.8 mM NaHCO 3 , 5.5 mM glucose, 10 mM HEPES, 4.8 mM KCl, 1.2 mM MgSO 4 .7H 2 O and 1.2 mM KH 2 PO 4 , pH 7.4) containing 1 mM EDTA and 2 mM EGTA, equilibrated with 95 % O 2 /5 %CO 2 at a rate of 30 ml/min, followed by approximately 10 min perfusion with collagenase buffer (Krebs-Ringer buffer containing 0.1 mM CaCl 2 and 0.17 U/ml Collagenase; Liberase Roche Cat. no -05 466 202 001). The liver was then removed from the rat and immersed in ice-cold wash buffer (Krebs-Ringer buffer containing 0.1 mM CaCl 2 ). The capsule surrounding the liver was torn gently to release the hepatocytes. The cells were filtered through a 70 μm mesh filter and then centrifuged (50×g) for 2 min at 4°C. The pellet was washed and resuspended in Krebs-Ringer buffer containing 1 mM CaCl 2 and kept on ice. Hepatocytes were counted in a hemocytometer, and viability was determined using the trypan blue exclusion method. Viability was always >90 %. Hepatocytes were cultured as described earlier [18] .
The details of the liver isolation procedure, perfusion apparatus and imaging chamber [16] , and the culture procedures for VL-17A HepG2 cells have been described earlier [12] . mtDsRed and mtPAGFP were introduced by adenovirus and plasmid DNA into primary rat hepatocytes and VL-17A cells, respectively [15] .
Electron microscopy
Rat livers were perfusion-fixed as follows. The animals were anesthetized (5 % Isoflourane), and upon portal vein cannulation, the liver was perfused with 0.067 M cacodylate buffer, pH 7.4 for 5-10 min at a rate of 30 ml/min. The perfusate was then switched to the fixative composed of 2.5 % glutaraldehyde in 0.067 M Na-cacodylate buffer pH 7.4 for 5 min. Around 1 mm 3 pieces were cut from the liver and incubated in the fixative for another 10 min. After that, samples were washed thrice with 0.067 M Na-cacodylate buffer pH 7.4 and stained with 1 % osmium tetroxide in phosphate buffer 0.2 M for 1 h at 4°C. Stained samples were dehydrated on an acetone dilution series and embedded to Epon/Araldite resin (Epon 812-Polybed and Araldite 6005, dodecenyl succinic anhydride→ DDSA 1: 1: 2.66v/v ratio) according to manufacturer's (Elecron Microscopy Sciences) suggestions. Thin sections (60-100 nm) were cut from the embedded specimens, mounted on electron microscopy grids, and examined using a FEI Tecnai 12 TEM equipped with a phosphor plate (Advanced Microscopy Techniques) and Hamamatsu Orca 8 Mpx digital camera. Image analysis and morphometric evaluation of the mitochondria and ER-mitochondrial associations in randomly selected hepatocytes of the liver specimen derived from the alcoholic and control rats was done as described earlier [8] .
Cellular pyridine nucleotide fluorescence measurements Cellular NAD(P)H fluorescence was imaged on a Bio-Rad radiance 2002-MP confocal system equipped with a 10-W Mira/Verdi Ti:sapphire laser from Coherent. Pyridine nucleotide images were acquired with 710 nm multi-photon excitation and 450±80 nm emission as described earlier [17] .
Live cell microscopic imaging
Confocal imaging experiments were performed using a BioRad radiance system fitted to an Olympus IX70 microscope using a 40× objective or a Zeiss LSM780 system using a 63× objective. The laser source was used for imaging of mtPAGFP at ex:488 nm and mtDsRed at ex:568 nm or 561 nm. At the Radiance system, a HeCd laser (442 nm) was used for photoactivation of photoactivatable GFP (PAGFP) [33] . At the LSM780 system, a Chameleon pulsed laser system (Coherent, 760 nm) was used for photoactivation. To create 3D-like reconstructions, a sequence of images was collected from below the adherent surface up in 0.367 μm steps (30 steps, Z series). Image analysis was done in Spectralyzer imaging software.
Statistics
Experiments were carried out with at least three different cell preparations. Traces represent single cell responses unless indicated otherwise. Data are presented as means ± S.E.M. Significance of differences from the relevant controls was calculated by Student'st test.
Results
Ultrastructure of hepatocytes isolated from normaland ethanol-fed rats
Transmission electron microscopy of rat hepatocytes in the perfusion-fixed liver showed a large number of mostly round mitochondrial cross sections, which occupied~20 % of the cytoplasmic area (Fig. 1a, b) . The ER stacks appeared as islands, which were most visible around the nucleus (Fig. 1a) . In the liver of ethanol-fed (9 months) rats, several large, clear structures appeared, which represent lipid vesicles (Fig. 1b, c) . Furthermore, the fraction of cellular area occupied by mitochondria and ER and the crosssectional area of the individual mitochondria was slightly increased (Fig. 1b, c) . Alcohol-induced lipid storage and ER proliferation likely account for some of these changes, whereas matrix swelling in a fraction of the mitochondria might be the cause of the mitochondrial alterations.
Mitochondrial morphology of rat hepatocytes in situ
To evaluate if isolated hepatocytes were a faithful model for studying the effects of alcohol on the mitochondrial morphology in the liver, we also visualized mitochondria in both perfused liver and isolated hepatocytes by two-photon excitation of NAD(P)H fluorescence. The images showed cells packed with short tubular and globular mitochondria in the perfused liver as well as isolated hepatocytes (Fig. 2) . Thus, the isolated hepatocytes maintained the typical mitochondrial morphology of the hepatocytes present in the liver. Also, the mitochondrial structure observed in the EM images is similar to the one untreated with a fixative.
Mitochondrial morphology and dynamics in normal hepatocytes
To monitor mitochondrial dynamics, hepatocytes isolated from control rats were infected with mitochondrial matrix targeted DsRed and PAGFP. Based on the red fluorescence, the cells were densely packed with short, tube-like or globular mitochondria (Fig. 3a mtDsRed images i-iv) . Therefore, identifying individual mitochondria was a difficult task. To better visualize single organelles, mtPAGFP was turned on in small square-shaped regions (5×5 μm) by twophoton photoactivation (at 30 s). For several seconds, mtPAGFP fluorescence remained within the regions of photoactivation (Fig. 3a image vi) . Matrix continuity among neighboring mitochondria would allow the fluorescent signal to travel from one mitochondrion to the next. The lack of rapid fluorescence spreading indicates that hepatocyte mitochondria have isolated matrix content. This pattern is in sharp contrast to the mitochondrial reticular structures commonly observed in cell lines in culture, including HepG2 hepatocarcinoma cells (Fig. 5) . Mitochondrial fusion events among adjacent mitochondria can also provide a mechanism for spreading of the soluble matrix content as seen at 48 s (Fig. 3a image vii) . To discriminate between mitochondrial fusion and other fluorescence transfer events, evaluation of both the mtPAGFP and mtDsRed fluorescence was used. Simultaneously with PAGFP photoactivation, the DsRed was photobleached in the same mitochondria and, therefore, matrix content exchange among these mitochondria and mitochondria outside the region results in opposing changes in green and red fluorescence. In the example shown in Fig. 3b , the mitochondrion on the right side donated photoactivated PAGFP and received fluorescent DsRed from the mitochondrion on the left that at the same time gained PAGFP fluorescence and lost DsRed fluorescence. We could confirm less than one clear fusion event per cell during the 7 min of the recording. We estimate that there were some additional events (1-2 fusions per cell); however, we were unable to confirm this due to the high density of the mitochondria. In any case, this number is much lower than what we counted in previous studies on primary β cells or H9c2 and INS1 cell lines [33, 47] . Taken together, these results indicate that fusion events are relatively rare in hepatocytes. MtGFP spreading may also occur with mitochondrial movement. Comparison of the PAGFP images collected at varying times (33 s vs 258 s) gave evidence that movement did in fact occur (Fig. 3a vi vs viii) . To show only the sites of movement, the difference between the two images was calculated (F 258s −F 33s ; negative values shown in red, positive values in blue, respectively, Fig. 3c ). The amount and distribution of red and blue pixels in the difference image corresponds with the movement of the organelles. Specifically, blue color highlights the new location of several mitochondria that showed significant displacement (Fig. 3c) . Notably, the movement activity in primary hepatocytes was much less than that in previously studied cell lines (e.g. H9c2 cells, [51] ).
Mitochondrial morphology and dynamics in hepatocytes of ethanol-fed rats
The morphology of mitochondria in hepatocytes derived from ethanol-fed rats was similar to that seen in control rats. However, a varying fraction of the mitochondria tended to be swollen (Fig. 4a, mtDsRed images) . These mitochondria were intermingled with many more voids than in the control hepatocytes, which likely correspond to lipid vesicles. The PAGFP time-course images showed that little spreading occurred; there was no indication of matrix continuity, no fusion, and little movement (Fig. 4a, v-viii) . To further . Pyridine nucleotide fluorescence was imaged with two-photon excitation as described in [17] evaluate the spreading of the fluorescence, a Z series of images was collected on a cell 7 min after being exposed to PAGFP photoactivation (Fig. 4b) . Reconstruction in three dimensions confirmed that minimal spreading is detectable in hepatocytes of ethanol-fed rats. Finally, to quantitatively compare mitochondrial dynamics in both control and ethanol-fed conditions, the time course of PAGFP fluorescence was calculated for each region of photoactivation (Fig. 4c) . The fluorescence in each region was normalized to the post photoactivation point before the mean decay kinetics was calculated. The graphs produced show the average for 10-15 cells (Fig. 4c) . The results showed a continuous decrease in the control leading to 25 % decrease during the recording time period. By contrast, the hepatocytes of the ethanol-fed rats showed negligible decay in fluorescence (Fig. 4c) . This difference between the two conditions is further supported by the final responses calculated for two separate cultures for each (20-30 cells, Fig. 4c  bar charts) . Thus, mitochondrial dynamics is greatly suppressed in hepatocytes of ethanol-fed rats.
Mitochondrial morphology and dynamics in control and ethanol-treated VL-17A cells
To test whether hepatic cell lines show mitochondrial dynamics and ethanol sensitivity similar to normal hepatocytes, we used human hepatoma (HepG2)-derived VL-17A cells, which express the major ethanol metabolizing enzymes of the liver, alcohol dehydrogenase and cytochrome P450 2E1 [12] . VL-17A cells displayed elongated and interconnected mitochondria with matrix continuity and many fusion events (Fig. 5a upper row of images) . Prolonged exposure to ethanol Fig. 3 Visualization of mitochondrial fusion and movement by photoactivated PAGFP in a normal rat hepatocyte. a Labeling of subsets of mitochondria by photoactivation of PAGFP in a primary rat hepatocyte expressing both mtDsRed and mtPAGFP (sites are marked by white boxes in image v). From the time series, red and green image pairs obtained before photoactivation (i, v), immediately after photoactivation (ii, vi), after a fusion event occurred (iii, vii) and 4 min after photoactivation (iv, viii) are shown. These images illustrate the spreading of mtPAGFP fluorescence by matrix continuity (vi), fusion (vii) and by movements (viii), respectively. b Time course of mitochondrial fusion event shown in vii. Graphs were created by masking the mtPAGFP donor (D, green) and acceptor (A, red) organelles and calculating the time course of the green and red fluorescence for each. c Magnified image (258 s) shows both PAGFP fluorescence (grayscale) and the sites of mitochondrial movement calculated by subtraction of sequential images (blue, positive changes; red, negative changes) (50 mM for 72 h) caused decreased mitochondrial continuity and fusion activity (Fig. 5a lower row of images) . Quantitative assessment confirmed faster mitochondrial dynamics in VL-17A than in primary hepatocytes (Fig. 5b) . Furthermore, the mitochondrial dynamics was greatly suppressed upon prolonged ethanol exposure in VL-17A cells (Fig. 5b) like in primary hepatocytes of ethanol-fed rats.
Discussion
A major finding of this study is that mitochondrial fusion and movement activity is low in primary rat hepatocytes.
Fusion activity is less than it is in hepatocarcinoma cells expressing the key enzymes of ethanol metabolism or in other cell lines or primary cells, such as β cells [47] . This probably does not result from movements producing few intermitochondrial contacts, since the high density of mitochondria allows for many contact events in hepatocytes. Furthermore, this work provides evidence that chronic ethanol exposure effectively eliminates mitochondrial fusion and motility dynamics in primary hepatocytes and also greatly suppresses mitochondrial dynamics in hepatocarcinoma cells. Overall, these studies indicate that defective mitochondrial fusion might impair mitochondrial quality control in hepatocytes from chronically ethanol-fed rats and may serve as an important mediator causing ethanolinduced liver injury.
Multiple lines of evidence support the concept that mitochondrial fusion is required for the maintenance of healthy mitochondria [7, [44] [45] [46] 49] . Fusion depends on fusion proteins and on a positioning system that allows mitochondria to engage in contacts [33] . Our results show that fusion events are rare in hepatocytes, especially when it is normalized to the amount of mitochondria. No information is available to indicate that the fusion proteins would be scarce in liver mitochondria. Although directional mitochondrial movements are also infrequent in hepatocytes, many mitochondrial contact events take place among adjacent mitochondria due to the high mitochondrial density. Thus, low fusion activity in hepatocytes likely results from another, presently unknown factor.
Ethanol is primarily metabolized in the liver through enzymes that generate acetaldehyde and enhance oxidative stress conditions. Our studies indicate that some targets of ethanol or its metabolites are relevant for mitochondrial fusion and motility. Though the exact mechanisms remain to be determined, they seem to be preserved in both primary hepatocytes where the mitochondrial dynamics is low and in hepatocarcinoma cells where the dynamics is very active. As described above, it is unlikely that a single factor of mitochondrial dynamics would mediate the effects on both fusion and motility. Chronic ethanol treatment can cause a decrease in mitochondrial membrane fluidity [41] which may impair the fusion events required for their merging. Accumulation of oxidized lipid aldehydes resulting from ROS-induced membrane damage and changes in membrane cholesterol content may also have more direct effects on the processes required for fusion. Also, the accumulation of acetaldehyde and ROS resulting from ethanol metabolism [4, 9, 21, 50] may cause covalent modification of proteins required for mitochondrial dynamics. Furthermore, along the line of previous studies describing sensitization of the permeability transition pore during chronic ethanol exposure [29, 32, 39] , signs of mitochondrial swelling were observed both in the present ultrastructural studies and in live cell imaging. Permeability transition pore opening results in depolarization of the mitochondria and ensuing decrease in ATP supply to interfere with fusion and motility, respectively [24, 33, 37] . Further studies are required to assess the contribution of these mechanisms to the ethanolinduced defects in mitochondrial dynamics in the liver and perhaps in other important targets of ethanol (e.g. exocrine pancreas, [40] ).
